The aim of the paper is to present a three dimensional transient cooling analysis of an automobile cabin with a virtual manikin under solar radiation. In the numerical simulations the velocity and the temperature distributions in the automobile cabin as well as around the human body surfaces were computed during transient cooling period. The surface-to-surface radiation model was used for calculations of radiation heat transfer between the interior surfaces of the automobile cabin and a solar load model that can be used to calculate radiation effects from the sun's rays that enter from the glazing surfaces of the cabin was used for solar radiation effects. Inhomogeneous air flow and non-uniform temperature distributions were obtained in the automobile cabin and, especially in ten minutes of cooling period, high temperature gradients were computed and measured and high temperature values were obtained for the surfaces which were more affected from the sunlight. Validations of the numerical results were performed by comparing numerical data with the experimental data presented in this study. It is shown that the numerical results were good agreement with the experimental data.
Introduction
Thermal comfort of the occupants in a vehicle cabin is a growing concern due to occupant's health and safety. In addition to that, with more stringent requirements for efficient utilisation of energy resources within the transport industry must rely on improving energy efficiency of vehicles [1, 2] . With this respect, engineers have to consider energy consumption during heating or cooling of an automobile cabin due to legal restrictions and efficient use of energy resources. The need to reduce heat loads that enter passenger compartments has become an important issue in the early stage of vehicle design and the radiation plays an important role on the thermal comfort in the compartment [3, 4] . Thus, engineers have to design more effective HVAC systems of automobiles under different environmental conditions. CFD analysis tool is now being used to evaluate the different environmental conditions of an automobile cabin in many aspects [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The experimental studies have been also performed under different environmental conditions [18] [19] [20] . But these studies were time consuming and the total costs of these studies were also very high. But, when the CFD tool is used with experimental studies such as wind tunnel tests, researchers have the ability to evaluate the thermal characteristics of the automobile cabin in different environmental conditions within a short time and CFD methods have also positive effects in the vehicle development time. For these reasons described above, CFD method is a useful tool to determine three dimensional velocity and temperature distributions, thermal characteristics of the automobile cabin and the local heat transfer characteristics of the surfaces of the human body [16, 17] . Many researchers used CFD analysis tool as a complement to their experimental studies. Kilic and Sevilgen, [4] used different types of boundary conditions on the human body surfaces to determine the suitable boundary condition for evaluating thermal comfort. Numerical results were in good agreement with the experimental data used in their study. Zhang et al. [5, 6] investigated the environment simulation of an automobile with and without passengers and the comparisons between predicted and measured air temperatures were presented in their studies. However, the complexity of human thermo-physiological model and physiological shape of the human body and highly transient conditions in the vehicle cabin lead to difficulties in CFD analysis [7] . In this study, the flow field and the temperature distribution of the automobile cabin under the influence of solar radiation was carried out in transient cooling period. To evaluate the flow and the thermal characteristics of the vehicle cabin in different aspects, virtual points and planes in different locations were defined and the numerical results were compared to the experimental results. Thermal characteristics of the automobile cabin and human body surfaces were also considered in the numerical analysis. Solar radiation has been shown to cause considerable discomfort to people in vehicles [21] .The effects of solar radiation on surface temperature of the automobile cabin inside were discussed and the predicted transient temperature data were compared to the measured data obtained from the experimental study.
Numerical simulation model and method

Modelling Geometry
The main surfaces and the interior of the automobile cabin were shown in Figure 1 . This cabin was modelled by using dimensions of a real car which was a 2005 model Fiat Albea. In this automobile cabin, there are two types of inlet vents. These are defrost and console type inlet vents and they have rectangular shape. In this study, we just considered console type of inlet vents and we assumed that defrost type of inlet vents were turned off.
Figure 1 CAD model of the automobile cabin
We designed a virtual manikin divided into 16 segments in sitting posture. This manikin was used in the numerical calculations to evaluate the local thermal characteristics of the human body and it had a standard height (1.70 m) and weight (70 kg), and it had a total surface area (1.81 m 2 ) suitable for a standing posture and had a total surface area (1.20m 2 ) for a sitting posture. The rest of the total surface was contact with the solid surfaces of the automobile cabin. The main surfaces of the automobile cabin and the surfaces of the manikin used in this study were listed in Table-1.
Computational domain and mesh structure
In previous research, Sevilgen and Kılıç, used triangular elements on the surfaces of the automobile cabin and the tetrahedral cells in the volume region [8] . In this study, we used hexcore meshing type which is a hybrid meshing scheme that include Cartesian cells inside the core of the computational domain and tetrahedral cells close to the boundary surfaces. This mesh structure was called "Hex-Core" and more detailed information about this mesh structure can be found in reference [22, 25] . The section view of volume cells at centre plane and the surface mesh of the automobile cabin are shown in Figure 2 . In the computational domain, about 900.000 volume cells were generated for the transient cooling simulation. This mesh structure was obtained from the comparison of the results of several numerical simulations to get optimum mesh density.
Boundary conditions and solar simulation
The initial conditions used in this numerical study are shown in Table 2 . The exterior temperature of the numerical simulation was set to as a constant value of 30°C and convective boundary condition was used for the outer and glass surfaces of the automobile cabin. The glass surfaces were defined as semi-transparent wall and the other outer surfaces were defined as opaque wall. In this study, all glass surfaces in this passenger car have transmissivity of 80% and absorptivity of these walls is taken as 10% in the numerical simulations and the absorpsitivity of opaque surfaces is set to 80%. The convective heat transfer coefficient for external flow around the automobile cabin was set to 15 W/m 2 C and the thickness of the glazing and solid walls are set as 5 mm and 12 mm, respectively. We assumed that the environmental conditions were remained unchanged during the numerical simulation. The initial air temperature inside the automobile cabin was set to 50°C. The total simulation time was 30 minutes and at the beginning of the simulation, the simulation time step was set as 0.001 s and this value was constant for first five minutes of cooling time and it was set to 1 second for the rest of this numerical simulation. The time step is necessary for getting more precise and satisfactory numerical results, and choosing the time step correctly, especially at the beginning of the numerical simulation, affects the numerical results at the end of the simulation. The air temperature at the inlet vents was determined as a function of time by means of a user defined function which was obtained from the measured data and this temperature profile shown in Figure 3 was used for all inlet vents in this numerical simulation. The velocity magnitude was set to 2.5 m/s for all inlet vents and the direction of the resultant velocity vector was normal to the surface boundary. Atmospheric conditions were applied at the outlet surface. At the manikin surfaces we used temperature boundary condition and we assumed that the temperature of manikin surfaces was constant and it was set to 33°C at the naked surfaces such as head and hands, and at the clothed surfaces it was set to 33.7°C as related to the thermal resistance of summer clothes. Heat interactions between human body and the immediate surroundings occur by several modes of heat exchange. Latent heat loss was not considered and respiration was neglected in the present computations. We assumed that the boundary conditions for the areas contact with the solid surfaces were adiabatic thus we just considered the total sensible heat which is transferred from the human body surfaces to the environment by convection and radiation.
Figure 3 Transient temperature data for inlet vents
In this study Fluent software was used for three dimensional air flow and heat transfer field analysis. Fluent software solves continuum, energy and transport equations numerically with natural convection effects. In numerical solution, second order discretization method was used for convection terms and SIMPLE algorithm was chosen for pressure-velocity coupling. For the turbulence modelling, the RNG k− model was chosen for the numerical calculations. This turbulence model is generally used for such calculations due to stability and precision of numerical results in literature [23, 24] . For including the solar simulation into the numerical simulation, we used solar load model which was available in Fluent 6.3.26. This software provides a solar load model that can be used to calculate radiation effects from the sun's rays that enter a computational domain. The position of the sun related to experimental conditions was determined with solar calculator available in Fluent. In solar calculator, sun's location in the sky was determined with a given time-of-day, date, and position and we defined the location of the cabin model with Cartesian coordinates and the sun direction vector considering the time of day and date of the experimental studies. The combining of all these parameters will produce a solar ray that would occur at that time for this location. In this study, the value of the direct normal solar irradiation produced in the solar load model was about 875 W/m 2 at that given time for this numerical simulation. S2S radiation model including calculation of view factors was used for radiation heat transfer among the interior surfaces of the vehicle cabin. The detail description of these models can be found in reference [25] .
Experimental set-up
Experimental studies took place in Bursa on August. The tests were performed on 2005 model Fiat Albea sedan automobile equipped with 1600 cc engine. During the experiment both internal and external surface temperatures and interior air temperature measurements were taken. During the experiment only four of the console vents were fully opened. In addition, all measurements were taken in a parked automobile with only driver inside. To determine the interior air temperature distribution in the compartment, measurements were obtained from different level of the cabin. During the experiments, compartment internal surface temperatures such as; ceiling, front windshield, right and left windows and internal body surface temperatures such as; seats, dashboard, instrument panel and steering wheel were measured and recorded by 12 channel thermometer. Some points on which the measured data obtained in the test car are assigned in the volume of the virtual cabin and also on surfaces to validate the computed results. The locations of these points were described in Table 4 . Measurement devices are given in Table 5 . In order to determine the value of the experimental error, uncertainty analysis is carried out using equations proposed by Moffat [26] . Maximum uncertainties in experimental results were found to be within 1%. The test conditions were achieved after the automobile was kept waiting for two hours in the outer environment which had high temperature value and intense sunlight (1kW/m 2 ). 
Results and discussions
The mean interior air temperature and the mean surface temperatures are shown in Table 6 . Mean surface temperature values ranged from 38°C to 56°C at 30 seconds of cooling period. At the beginning of the cooling period, the mean high surface temperature values were obtained at the console, steering wheel, center console, passenger seat (front), windshield surfaces etc. which were directly affected with the sunlight. The mean surface temperature values of the outer surfaces of the cabin such as windshield and glass surfaces were decreased slowly compared to the other surfaces which were not directly affected from the sunlight. On the other hand, the mean surface temperatures were continuously decreased with cooling time and the mean air temperature was computed about 28°C at the end of the numerical simulation. Another result obtained from these numerical simulations is that the front part of the cabin interior was more affected by the solar radiation than the rear part of the cabin. The surface temperature predictions of the numerical simulation were shown in Figure 4 . At the beginning of the cooling period, the surface temperatures had very high values and the maximum temperature value was obtained for the console surface which was one of the more affected surfaces from the sunlight. This local temperature value for this surface was computed about 72 °C at 5 minutes of cooling period. These high temperature values occurred due to solar radiation and greenhouse effects in the automobile cabin. The predicted surface temperature values at the rear part of the cabin interior were changed between 27°C and 32°C at 30 minutes of cooling period. 
Figure 4 Local surface temperature (°C) predictions during cooling period
Air flow distribution of the vertical plane of the automobile cabin at 10 and 30 minutes of cooling periods were shown in Figure 5 . At 30 minutes of cooling period, maximum air velocity was computed near the inlet vents (middle) and it was about 2.0 m/s. In accordance with flow direction this value was decreased to 0.83 m/s in the rear part of the cabin interior at that time. In the front region of the vertical plane of the automobile cabin, velocity values changed between 0.1 to 2.0 m/s while in the front region of this plane these values ranged from 0.1 to 1.33 m/s. From the comparison of the velocity distributions at 10 and 30 minutes of cooling periods, the velocity values computed for same locations at the vertical plane were changed slightly thus we conclude that the steady-state conditions were reached at 10 minutes of cooling period in terms of velocity distributions. 
Figure 6 Velocity (m/s) distributions at the vehicle horizontal plane
Air flow distribution of the horizontal plane of the automobile cabin at 10 and 30 minutes of cooling periods were shown in Figure 6 . In the front region of the vertical plane, computed velocity values changed between 0.1 and 2.4 m/s. On the other hand, these values ranged from 0.1 to 0.3 m/s in the rear region of this plane. From these results, we can say that inhomogeneous velocity distribution occurred in the front region of this plane. Air temperature distributions at the vertical plane during cooling period were shown in Figure 7 . High temperature values occurred near the driver head level and the windshield surface at the beginning of the cooling period due to solar radiation effects. The computed temperature values of the vehicle vertical plane ranged from 28 to 45 °C at 60 seconds of cooling period and these computed temperature values decreased continuously during cooling period. At 30 minutes of cooling period predicted temperature values at this plane changed between 15°C and 34°C. These results show that non-uniform air temperature distribution was obtained for the vertical plane of the vehicle cabin at 30 minutes of cooling period. Air temperature distributions at the horizontal plane were shown in Figure 8 . At the beginning of the cooling period, high air temperature values were computed near the front passenger seat and also around the human body surfaces. These temperature values were calculated about 42 °C and 43°C, respectively at one minute of cooling period. However, low temperature values occurred near the inlet vents and these temperature values were calculated about 28°C at that time. At the rear part of the horizontal plane, computed local temperature values changed between 24°C and 28°C at 20 minutes of cooling period. These local values ranged from 13°C to 30°C in the front region of the horizontal plane. From these results it can be seen that the rear region of the vehicle cabin was cooled more efficiently than the front region for this numerical simulation. Comparisons of the experimental data and predicted temperature values at measuring points located in the vehicle cabin environment are shown in Figure 9 -10. It can be seen from the results at the selected points (P1, P2, P3, P4, P5 and P6), the temperature differences between predicted and measured data were about 2°C in general. The predicted temperature results for all locations had same trend with the experimental data. These predicted results were affected by many factors such as solar radiation, material properties of automobile parts, metabolic heat production of the driver, heat losses from the outer surfaces of the cabin, heat transfer coefficient at the outer side etc. Thus, the predicted results can be accepted as very good with confidence.
The computed and measured surface temperature values of the surfaces at 30 minutes of cooling period were listed in Table 7 . The predicted surface temperature values were in good agreement with the measured data in general. 
Conclusions
In this study, a three dimensional transient turbulent flow simulation with solar radiation effects was performed and the validation of the numerical results was achieved by the comparison of the results to the experimental data presented in this study. As a result of these numerical simulations we can say that inhomogeneous air flow distributions were obtained in general. Another important result is that non-uniform temperature distributions obtained especially in 10 minutes of cooling period so that we conclude that highly transient conditions were occurred in 10-15 minutes of cooling period. On the other hand, the steady-state conditions were reached after 15 minutes of cooling period in terms of velocity and temperature distributions. Air temperature and surface temperature predictions were in good agreement with the experimental data in general. We also shown that an automobile parked facing the sun, the air and the surfaces affected by solar radiation reached considerable temperatures such as about 70 °C for the console surface. In addition, these surface temperatures decreased slowly than the others because solar radiation effects remain unchanged during cooling 1 2 1 2 1 2 process. These results are very important for reducing thermal load of the automobile cabin and improving the thermal comfort conditions in an automobile cabin Reducing the thermal load of an automobile cabin considering thermal comfort and energy consumption of automobile HVAC system is the main objective of our later studies.
